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I. ABSTRACT

/15 r7e
The prototype V0-50 HS cells are being completed and 10 have

been delivered. These cells have an energy capabdility of 18.5 watt hours
per pound.

Continued study of the thin plate cells has demonstirated their
capability to perform well at high rates and also to cycle continuously
in a 35% depth routine, but as pointed out in the Seventh Quarterly Report
no advantage 15 seen in the watt hour per pound capability of these cells
as compared to the thicker plate standard line of cells.

VO-6 BS cells have so far been successfully cycled 1500 cycles
at 70% depth of discharge at 77°% and 1440 cycles at 50% depth of dis-
chaxge, at 77°F. Both cycle tests are still in progress.

Charge efficiency studies at 77° to 120°F show that early
in the charge the inefficiency of the negative electrode causes evolution
of hydrogen gas. This is particularly true at high charge rates and low
temperatures. Studies were performed om the self-discharge (oxygen
evolution) rate of positive electrodes &t seversl temperatures and after
different charge rates. Also studied was the pressure decay in cells
into which oxygen had been introduced after charge at several different

Py P

rates.



II. 50 A, H. HERMETICALLY SEALED CELLS

The formation of the electrodes for the 50 AH hermetically
sealed nickel-cadmium cell has been compietedo The cell packs were
unwrapped and the plates cleaned and dried. In order to minimize
fluctuation because of individusl cell characteristics, both the
positive and negative electrodes wers randomized before the elec-
trode stacks were fabricated.

Five cells were selected for testing from the group that
was already sealed and checked for leakage. Electrolyte was added
to each before the valves and pressure gauges were attached to the
pinch tubes, Two of the cells, Nos. 103 and 104, were charged and
overcharged at a C/10 rate for 41 hours. After a four (4) hour
stand time, they were discharged at the C/2, 25 amperes, rate. The
average capacity to 1.0 volt was 57.7 A.H.

The two cells were then charged at a C/10 rate and main-
tained for 40.5 hours to insure that a steady state was established.
The pressures for Nos. 1C3 and 104 were 47.5 psig and 51.5 pelg,
respectively. The cell voltage for both was 1.40 volts. To
determine the effect of cycling, both were placed on a 100 minute
cycle. They were discharged at 20.0 amperes for 36 minutes and
charged at 13.5 amperes for 64 minutes. After 12 cycles they were
overcharged at the C/10 rate for 23.3 hours. The pressures for
cell No. 103 and cell No. 104 were 35.5 psig and 41.0 psig, respec~-
tively, while the cell voltage for both was 1.38 voltis.

The two cells were discharged at the C/2 rate as shown in
Figure 1. The average capacity to 1.0 volt was 58,5 smpere~hours.

The end of discharge pressure for cell No. 103 was =10 inches gauge
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and the end of discharge pressure for cell No. 4 was =20 inches gauge.

In order to show the overcharge characteristics, the two
cells were placed in an oil bath which was maintained at 25 + 0.5°C.
The cells were given & C/10 charge which was msintained for 163.3 hours
to insure steady state conditions. The average csll voitage was 1.42
volts and the average cell pressure was 65.3 psig. The current was
then raised to C/5 and maintained until a steady state was obtained.
The average cell voltage was 1.,3 volis while the average cell pressure
was 127 psig. This information is shown in Figures 2 and 3.

Cell Nos. 105, 106 and 107 were charged and overcharged
at a C/10 rate for 41.3 hours. They were then cycled under the
conditions stated above, i.¢. discharging at 20.0 smperes for 26
minutes and charging at 13.5 amperes for 6, minutes. At the end of
cycle 12 charge the cell voltages and pressures were recorded. These
are given in Table l. In ordsr to determine the effect of cycling
on the cell capacity, first the cells were overcharged at the c/10
rate for 24,.8 hours. The cell voltages and pressures are recorded
in Table 1. Then a C/2 rate discharge was conducted and the averags
capacity to 1.0 volts was 58,0 ampere-hours. The end of diachérge
pressures (at 1.0 volt) are given in Table 1.

The three cells were charged and overcharged at the C/10
rate for 72 hours. A C rate discharge was conducted. The capacity to
1.0 volt,51.5 ampereahours;'is shown in Figurs l. The cell voltages
and pressures immediately prior to C rate discharge and at the end
of discharge (at 1.0 volt) are given in Table l.

The data presented here shows a consistency in cell performances.
The capacity at the C/2 rate discharge for cell No. 103 and No. 104, and

cell No. 105 through No. 107 show a differencs of 0.5 ampere~hours {0.86%).




TABLE 1 b

CHARACTERISTICS OF VO=50 HS CELLS

CELL #105 CELL #106 CELL #107

Cell | Pressure | Cell Preggureﬂ Cell i Pressure

Voltage | p.s.i.g. | Voltage | pogoi.gd Voltage | posciogo
V. Ve V.

End of Charge, Cycle 12 45 | a5  |loah  113.5 P25 (125
Steady State Values at C/10 _
Overcharge 1.38 | 59.0 |1.38 5,.0 11.39 | k4.5
After C/2 rate Discharge ,
(at 1.0 volt) 1,00 | -10" l1.00 | -5m 1.00 | -9"
Steady State Values at C/10 ,
Overcharge 1.38 | 53.5 1.38 52.0 | 138 | bhS
After C Rate Discharge '
(at 1.0 volt) 1,00 5.0 |1.00 6.0 |1.00 | 4.0
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The C rate discharge, shown in Figure 1, illustrates the range of
individual readings. The small variations indicate good uniformity
in cell voltages. The range in cell pressures is shown in Table 1l.
The overcharge characteristics show a slope steeper than
for a VO=-20 HS nickel~-cadmium cell.
Test data for the three cells delivered 11/20/62 are shown
in Table 2. Test data for the 7 cells shipped 12/12/62 are shown

in Table 3.
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III. IHIN PLATE CELLS

The VO5X thin plate cells have slready been subjected to a
series of tests. In the last quarterly report, the overcharge characteris-
tics were given. In addition the cspacities at various C rate discharges
were reported. After the fimal C/2 fate discharge, indicated in the
report, the cells were charged and overcharged at 0.5A for a period of
ten (10) days. The average cell voltage at the end of the overcharge vas
1.40 volts and the average cell pressure was 14.0 p.s.i.g.

The thin plate cells were them put on 90 minute cycling. They
were discharged to a 35% depth at 3.0 amperes for 35 minutes, 1.75 A.H.,
and charged (115%) at 2.19 amperes for 55 minutes, 2.01 A.H, To date
1012 cycles have been completed. Table 4 shows the average cell voltages
at the beginning and the end of discharge as well as at the beginning
and the end of charge for éevaral cycles. In addition, the end of
charge pressures are recorded at these cycles. It was observed that

the end of discharge voltage has slowly decreased with cycling.

TABLE &4

CELL CHARACTERISTICS FOR THE VO5X AT VARIOUS CYCLES

Discharge 7 Charge End of Charge

Cycle No. | =0 f; 235 | Eg | Ess | Pressure, p.s.i.g.
17 1.35 1.21 1.27 | 1.46 2.0
531 1.36 1.17 1.24§ 1.49 15.4
1012 1.35 1,14 1.23 ) 1.48 8.2




IV. ELSCTRICAL PEZRFORMANCE OF VOe6 HS CELLS

Cycling

The five experimental VO-6 H3 type cells which had
been cycled 800 times were placed back on cycle after a capacity
check., The 90 minute cycle consists of a 35 minute discharge at
7.2 amps or a 70% dépth of capacity followed by a 55 minute charge
at 5.5 amps or a 20% overcharge.

At about the 850th cycle one of the cells was obsesrved
to exhibit a decreasing end of discharge voltage and a rising
end of charge voltage. This continued with increasing magnitude.
At the 926th cycle this cell indicated a short and it was removed
and disassembled for failure analysis. The separator was very
dry and there was a short burned through the separator at one
of the corners. At the 960th cycle another cell similarly failed.

The remaining three cells have completed over 1500 cycles
and the end of charge voltages average 1.57 and the end of dis-
charge voltages average 1.00, A change in charge current of .05
amps was detected and corrected so that the end of discharge
voltages should return to the 1.04 volts which is the usual level
for this cycle.

Another set of V0O=-6 HS cells has been on automatic cycle
since August 20, 1962, at a 50% depth of discharge and a 90 minute
cycle. This cycle consists of a 35 minute discharge at 5.15
amps and a 55 minute charge at 3.86 amps or an 18 overcharge.

A typical plot of cycle #1L4O is shown in Figure k.
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A plot of the average end of charge voltages and end
of discharge voltages vs, cycle number is shown in Figure 5.
The fluctuation in end of discharge voltage at the beginning
was due to instability in the cycling current. JSince at this
depth of cycle, only 18 overcharge is necessary t® maintain
an end of discharge voltage above 1.00 volts, instead of 20%
overcharge, it is also more critical to maintain the current
constant. A drop of 0,06 amps on charge means a change from
18> overcharge to 16% overcharge which is not enough. If the
overcharge is increased above 185 to allow a greater safety
factor, the end of charge voltages are higher. It is desirous
to maintain the lowest practical charge current to keep the

pressure low without losing capacity.
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V. CHARGE EFFICIENCY STUDIES

A. INTRODUCTIOR

The charge efficiency of nickelecadmiun cells has always
been less at low temperatures (less than 60°F) and elevated temperatures
(more than 80°F) than at rocom ambient temperatures (70° to 80°P)a Since
recent work on self-discharge processes of the positive electrodes show
these to be strongly temperature dependentl, one possible explanation
of the high temperature efficiency phenomenon is simply thet the posi-
tives can not be adequately charged.

The charge efficiency at lower temperalures, on the cother
hand, appears to be dependent upon the negative electrode. When cells
are charged at low temperatures, hydrogen is frequently found. This
implies a passivation of the negative electrode and @accounts for our
previous observation,

When current is passed through a cell an electrode process must
occur at each electrode., This process, which is a charge transfer process,
accounts for the simultaneous electron flow in the external circuit and
ion flow between the electrodes. If we let this current be denoted as
i, then each process that occurs a4t an electrode occurs at a rate which
may be written as ip, where the p demnotes an electro-chemical prccess. For
instance, at the positive electrode there is an oxidatficn of nickelous

hydroxide during charge,
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1) M e I, e” s Ly

and there may be & simultaneous oxidaticn of hydroxyl ioms to yield

oxygen,

2) 4OB- —t= 0y  +2Hy0 + 4€7 , Oy .
Since i 4= 1Ni + 10’ the rate of omygen formation is a charge
fnefficiency. |

While the reactions given by equations 1 and 2 are an
adequate heuristic representation they do not coavey all that is known
about the charge processes. For instance, evidence has baen obtained

for the existence of several higher oxides of Ni.l’z

The overcharge
reaction may not simply be the ozidation of hydroxyl ions, but it
may equally weli be that the réte of self-discharge of the higher
oxides of Ni is very great and the decomposition rates are determined
by the charge current. Consider for a moment the fact that a nickel
oxide electrode charged at atmospheric pressure does not exhibit a
voltage step at the end of charge. This absence of & voltage step
is not inconsistent with the explanation of & rapid self-discharge in
the domain of overcharge. Since the rapid self-discharge piocesses are
apparently temperature dependent, this theory would help accoﬁnt for
8 decrease in charge efficiency of pbsiﬁive electrodes at elevatad.
temperatures.

In & similar way, the negative electrode m8y decresse {ts

efficiency at lowar temperatures for another reason, Beuristically

we may consider the charge reactiors as follows:
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3) Cd(OH)2+2 —» Cd  + 208" , Ica
4) ZHZO + 2 — R2 + 2 OH . ig.

The charge efficiency of the negative electrode {at constant i) is

therefore defined by the expression 154dt/idt. The Cd/Cd(OH), electrode
exhibits a voltage step during charge at atmospherie pressute.3 At this
point elemental hydrogen is produced. This step in voltage with its
corresponding change in process is termed passivation of the electrode.

The possivatiun of the Cd/Cd(OH), arrives earlier when the charge rate

is increased, and when the temperature is decreased.

Studies of the charge efficiencies are of importance in
evaluating the tﬁeoriea, vhich in turn will enable one to make improve-
ments in charge efficiencies. In the work about to be deseribed, the
point at which pressures in bealed cells start to change and the identi-
fication of the gases in the atmosphere above the electrodes are used to
determine the onset of the competitive reactions i, and iy which give rise

to the observed inefficiencies.

B, EXPERIMENTAL PROCEDURES

Eight laboratéry type 6 AH nickel-cadmium sealed ecells equipped
with Marsh pressures gauges were prepared (See Figure 6). The cells weré
then given four stabilization cycles as follows:

Charge of 0.6 A for 20 hours (12 AR ianput)

Diseharge at 3 A to 1.0 volt
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The cells were then placed in constant temperature bathes at ?70,
900B 100° and 120°p, Following this, the cells were grouped and charged at
0.6A {C/10), 1.2A {(€/5), 3A {C/2) and 6A {€C) st each temperature given above.
The eharges were taken either to 150 psig or steady state pressure. During
the charge, pressure versus time data were taken. In addition, the gases
in eaeh ecell were colleeted and tested for hydrogen or oxygem. %The echarge
was then stopped; the cells were evacuated {while remaining in their
respective temperature baths) and the pressure rise with time was measured.

Following these determinstions, the e¢ell pressure was raised
to 50 psig with oxygen. Thereafter the ehanges in eell pressure with time
were measured.

At the eompletion of a test geries (eharge, stand for self-

diseharge and pressure decay after pressurization to 50 psig O2), each

cell was discharged at 3A to 1.0 volt for eapaeity.

€. EXPERIMENTAL RESULTS

In Figures 7-10 we have plotted pressure change versus charge
input for the cells at the various charge currents and temperatures. These
data indiecate, that in general, as the charge curcrent is inereased, the cells
tend to gas at progressively lower inputs. Furthermore, at low eharge

curreats (0.6 and 1.2 amperes), the gas in the cell was oxygen,
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while st high charge currents (3.0 a8nd 6.0 amperes), hydrogen was present in large
quantities. Under the experimental conditions, steady-state pressures were
reached only with the lower curreats, namely C/10 and C/5. However, at

the higher currents, hydrogen was formed early in the charge, indicating
passivation of the negetives, and the pressure increased steadily to the

gauge limit of 150 psi.

The ampere-hour inputs as a function of charge current are shown
in Figure 11, At low charge rates there is & slight imcrease iun charge
input required to produce gné as the temperature is raised.

The self-discharge curves of the various cells after charge
interruption under the conditions of this experiment are shown in Figures
12-15 in terms of oxygen pressure. An examination of these curves shows
that the pressure in e&ch case rises relatively rapidly to a given level,
pliteaus at this level and then decays. The initial rates of pressure rise
tend to increase with increasing temperature and charge current, while the
¢well time at the plateau decreases with increasing temperature.

Pressure decey curves for the experimental cells at the four
temperatures and four corresponding charge rates are shown in Figures 16-19.
There is & tendency for faster decay at elevated temperatures, and the apparent
elower recombination rate as the charge rate increases is probably due to
the fact that after a2 higher rate cbarge,oxygen is being released at a
higher rate and offsete some of the pressure decay characteristic.

The cell capacities obtained after dischargg-aﬁ 3A to 1.0 volt
&re listed in Table 3.

TABLE 5

CELL CAPACITIES AFTER DISCHARGE AT
3A TO 1.0 VCLYT AT INDICATED TEMPERATURES

CLharge Curreat : Temperature °r
Auperes i 90 100 120
0.6 6.6 6.9 6.4 6.1
1.2 6.6 7.0 6.7 6.4
3.6 7.4 7.3 6.4 6.5
5.0 7.5 7.3 6.3 6.3
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D. DISCUSSION

Charge efficiencies of less than unity may be due to (1)
the oxidation of water at the positive to form oxygen, or an equiva-
lent electrochemical reaction (2) the reduction of water at the negative
to yfeld hydrogen, as given above by equations

(2) 400 —>= 2,0 + 0, + 4€7 amd

(4) 28,0 + 2€7 —» 20H +H;
During the charging of the cells in the experimeantal scheme, both reactions
vere in evidence as shown by the tests for hydrogen and oxygen (see
Figures 7-11). At high charge rates, hydrogen was always formed at
& point during the charge when the input was less than the rated cell
capacity. Therefore, it is seen thet low efficiency, even at elevated
temperatures is primarily due to a charge efficiency of less than unity
at the negative electrode. The positive electrode, at these relatively
high charge rates must then be significantly more efficient than the
negative, If the positive waes significantly less efiicient than the
negative, the evolved oxygen would travel to the negative and depolarize
it by reaction with hydt;ogen to form water.

The difference in charge efficiencies between the positive
&nd negative electrodes indicated by Figures 7-11 ie again suggested
upon examination of Figures 12-15, There is an increase in self-discharge®
(oxygen evolution) rate with charge rate and temperature tog the positives.
This causes the capacities of the positives to reach & maximum. Therefore,

the higher charge rates do not result in 8 more efficient charge.

*The self-discherge processes involwed are the fast processes which have
half~times of 8 minutes &nd 150 minutes, approximately. There is no
experimental evidence for a faster self-discharge of EN:00H, and, in
our opinion, no such zvidence wiil ever be found.
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It is well known that the decay characteristics of
each cell differ, possibly because of surface factors. Further-
more, these surface factors appear to change with each chirge.
In spite of the inherent scatter in the data, no ecorrelation
is found between charge rate and pressure decay (Figures 16-19).
This is not an unexpected result,

Since the cells were charged at the low rates to
steady state oxygen pressure and at the high rates to 150 psig
hydrogen pressure, the charge input in each case was different.
Consequently, cell capacities after 3A discharge to 1.0 volt,
as given in Table 1, afforded no informution with regard to
cell efficiency, although it may be seen that at 77°F, the
capacities increase at the high charge rates. However, the
beneficial effects of the higher charge rates are lost as

the temperature is increased,



Vi. PROGRAa: FOR NET PLRIQD
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The balance of the VO=50 HS cells will be completed

and delivered,

The cycling of VO=-6 HS cells to 50 and 70% depths
of discharge will continue,

Charge efficiency studies will continue and will
include:

1, Cold temperature charge tests will be carried

out at temperatures of =15%, Oo, 252 and 50°F,

2, The tests will be performed under the following

charge conditions:

a. GConstant current

b. Constant potential

These methods require some explanation. In the

constant current method, the current will be set low enough
to prevent excessive pressure buildup in the cells. There=
fore, the charge ratss will be set at C/10, C/20 and C/40.
When employing a constant potential chzrge, the current de-
creases with time asymptotically to some final value which
may permit overcharge accompanied by low cell pressure. To
obtain an indiciation of the maximum safe charge potential,
constant potential charges will be curried out at l.45,
1,50, 1.55 and 1.60 volts. This latter infofmation will be
significant use in applying those sealed cells to satellite

aprlications,

of
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